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Abstract 
A methodology for CO2 quantification has been developed and tested. Initial investigations were performed as part of a 
feasibility study of geophysical monitoring at the CO2FieldLab site (Svelvik, Norway). Subsequent tests were carried out using a 
simplified synthetic model representing a CO2 plume at the Sleipner field (North Sea). The different quantification strategies 
were based on the use of CSEM inversion, with or without structural constraints based on high-resolution velocity images 
assumed to be obtained using FWI. The combination of high-resolution structural information (from FWI) and lower resolution 
conductivity images (from CSEM) clearly improved the accuracy of the quantification methodology. 
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1. Introduction  
A key prerequisite for large-scale deployment of CCS is sufficiently sensitive methods that enable monitoring of 
plume migration and early detection of storage site failure and need for remediation. By being able to accurately 
localize the CO2 plume and quantifying CO2 volumes, storage safety can be significantly improved. As a 
consequence, investigation of the limitations and capabilities of the geophysical methods used for such purposes is 
important for assessment of monitoring requirements and the cost of a potential monitoring program. By combining 
different geophysical methods, based on for example seismic, electromagnetic, and / or gravity data, the full 
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potential of the available information can be exploited to obtain a more sensitive and accurate monitoring strategy. 
In this way, the capability to detect leakage or quantify CO2 volumes will be improved.  
When trying to quantify the CO2 saturation in a reservoir, it is very important to understand that different 
geophysical methods have very different sensitivity to saturation changes. For seismic and electro-magnetic methods 
the difference can be understood by looking at the Gassmann equation [1] and Archie's law [2] respectively. The 
Gassmann equation relates bulk and shear moduli of a saturated isotropic porous monomineralic medium to the bulk 
and shear moduli of the same medium when drained. This requires that the shear modulus is mechanically 
independent of the presence of a fluid, that there is no chemical interaction, and that the process is quasi static. The 
compressional and the shear wave velocities are dependent on the bulk modulus K, the shear modulus ȝ, and the 
density ȡ, with 
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One of the main parameters required to calculate changes in compressional, and shear wave velocities from gas 
saturation is the bulk modulus. The bulk modulus of a saturated porous medium is expressed by the Gassmann 
equation as 
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and is a function of the bulk modulus of the frame K*, the bulk modulus of the rock matrix K0, the bulk modulus of 
the saturating fluid Kfl, and the porosity I.  
The studies in this paper have been performed using models of the CO2FieldLab [3,4] at Svelvik in Norway and 
of the Sleipner field in the North Sea. Based on known conditions at Svelvik and Sleipner and on data from the 
SACS Best Practice Manual [5], the compressional and shear wave velocities as a function of saturation of air have 
been estimated, see Fig. 1 (left). Similar curves are obtained for CO2. 
A few properties are needed for the calculation of the conductivity V in a partially saturated porous medium as 
defined by Archie's law 
1 m n
w wSV V W
 )    (4) 
where Vw is the conductivity of brine, W is the tortuosity, ) is the porosity, m is the cementation exponent, Sw is the 
water saturation and n is the saturation exponent. For Svelvik conditions, the expression in Equation 4 simplifies to 
20.0398 wSV     [S/cm]   (9) 
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Fig. 1. (left) Compressional wave velocity (red curve: Svelvik conditions, green: curve Sleipner conditions) and shear wave velocity (blue curve); 
(right) Conductivity in [S/cm] (Svelvik conditions). 
which is plotted in Fig. 1 (right). For the Sleipner tests in this paper, the corresponding relation was assumed to be 
20.005 wSV     [S/cm]   (10) 
A comparison of the sensitivities of seismic P- and S-wave velocities and conductivities shows that the seismic P-
wave velocities are only sensitive to changes in gas saturation when this saturation is very small. This means that 
seismic P-wave velocities are useful to determine whether gas is present in the pore space, but it is not sensitive to 
the amount of gas. Since the shear wave velocity is mainly dependent on the density, the shear wave velocity will 
gradually increase with gas saturation, while the density decreases. As opposed to the seismic velocities, electrical 
conductivity strongly depend on the gas saturation in the whole range of saturation (from 0-100%), suggesting that 
electro-magnetic methods may be able to quantify the amount of, e.g., air or CO2 in the pore space. 
The study in this paper is based on the use of Controlled Source Electro-Magnetics (CSEM), see e.g. [6], for 
conductivity imaging and saturation quantification. The CSEM method has during the last decade evolved into a 
commonly used tool for off-shore hydrocarbon exploration. In its first version, called seabed logging, it was used for 
deep water exploration only. In recent years, it has been shown that the method can be enhanced to work for shallow 
water and land-based surveys [7,8,9]. Here, the main focus is the development and testing of a methodology for CO2 
quantification. The different tests have been carried out as part of a feasibility study of monitoring at the 
CO2FieldLab and subsequently using simplified synthetic models representing a layered CO2 plume at the Sleipner 
field. The investigated quantification strategies combines CSEM inversion with prior structural information, e.g. 
from Full Waveform Inversion (FWI), see e.g. [10]. In recent years, both FWI and CSEM have been identified as 
potentially powerful methods for CO2 monitoring [11,12,13,14]. While FWI can be used to obtain high-resolution P-
wave velocity images, it can hardly be used to image CO2 saturation on its own, since there is in general not a 
simple one-to-one relation between P-wave velocities and CO2 saturation. CSEM, on the other hand, does not 
provide the same resolution, but offers good possibilities for saturation quantification. Several ways of constraining 
CSEM inversion using structural information (from FWI) were tested and the accuracy of the resulting CO2 quantity 
estimates evaluated. 
2. CSEM for CO2 quantification 
The initial tests of the quantification strategy were carried out using a simple model of the CO2FieldLab site. An 
initial reference test was carried out using CSEM without any constraints or regularization. For the simplified 
synthetic models used, the plume could be localized rather accurately both laterally and in depth within few 
iterations of the CSEM inversion procedure. While the spatial resolution was far from sufficient to image any 
structural details inside the plume, the integrated saturation amplitudes reflected reasonably well the corresponding 
ones of the real model. In other words, a reasonable CO2 quantity estimate can be obtained, for synthetic data, even 
with the most straight-forward monitoring method based on EM technology. 
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Fig. 2. True conductivity model (unit is S/m). 
 
Fig. 3. Gas saturation corresponding to the conductivity of Fig. 2. 
By constraining the inversion to a certain depth range based on inversion results obtained, e.g., with FWI, the 
saturation images could be slightly improved. More importantly, the estimated amount of CO2 was in this case even 
closer to the actually modelled amount. Further studies, in which the structural information was used to constrain the 
CSEM inversion to a certain location in space, turned out to yield very accurate estimates with the predicted CO2 
volume converging to the actual volume after only a few iterations.  
The CO2FieldLab model was created based on input from actual reservoir simulations, built on an injection 
scenario with 57 days of injecting 200 Sm3/day at 65 m depth. A 2.5D conductivity model of 200x200x100 m was 
created. In the x- and z-dimensions the grid spacing was 2 m, while the spacing in the y-direction was 40 m. 
Throughout the rest of the section, all images are shown for the central xz-slice (at y=100 m), see Fig. 2 and Fig. 3. 
The acquisition consisted of 100x5 sources (one for each grid block) at the surface and 5 receivers equally spaced 
along the central x-axis at the surface. The starting model was in all cases homogeneous with the correct background 
conductivity of 3.98 S/m. For each inversion test, the cost function and the estimated gas volume have been plotted 
as a function of the iteration number. The volume estimates have been determined simply by summing the saturation 
of each grid block in the 2.5D model. Since it was not multiplied by the grid block volume, this offers a unitless 
measure of the total gas volume. 
The CSEM inversion is carried out in frequency domain using an approximate Gauss-Newton method in which 
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only the diagonal part of the approximate Hessian is used. The Gauss-Newton method requires using the inverse of 
the Hessian, and in order to condition the matrix better a damping term is added to all diagonal elements. The 
damping term is calculated as the product of a carefully selected damping factor and the maximum value of the 
diagonal. 
2.1. Unconstrained CSEM inversion 
The first tests were carried out without any constraints on the inversion. The damping factor had to be tuned to 
stabilize the inversion and the optimal factor was found by running multiple inversions while decreasing the 
damping until no further improvement of the final cost was obtained, cf. Fig. 4. The conductivity model obtained 
after 19 inversion iterations is shown in Fig. 5 with the corresponding gas saturation in Fig. 6. Even without 
constraints on the inversion, the target is rather well located spatially. The resolution is, however, insufficient for 
determination of the shape of the plume. In Fig. 7, the cost function and the gas volume estimates are plotted versus 
iteration number. The gas volume is overestimated by a factor 2. 
 
 
Fig. 4. Final cost function value after 20 iterations of CSEM inversion for various damping factors O=10-x. 
 
 
Fig. 5. Conductivity model (unit is S/m) obtained after 19 iterations of unconstrained inversion. 
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Fig. 6. Gas saturation corresponding to the conductivity model shown in Fig. 5. 
 
Fig. 7. (left) The cost function versus iteration number for the unconstrained inversion displays a rapid convergence; (right) The gas volume 
estimate indicates that the volume is overestimated (the gas volume of the true model is indicated by the thin dotted line). 
2.2. CSEM inversion constrained to plume layers 
As shown above it is difficult, with the acquisition used here, to accurately determine the shape and gas volume 
of the plume using unconstrained inversion even without considering noise and other error sources. In order to 
investigate how prior knowledge about the CO2 distribution can be used to improve CSEM inversion results, the 
tests above were repeated with inversion limited to the layers known (from the true model) to contain the plume. In 
reality certain such information could be obtained from, e.g., FWI and in that case the CSEM inversion would be 
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regularized to allow larger conductivity updates in regions where gas is likely to occur and smaller updates where 
gas seems absent. 
In the constrained case, significantly stronger damping had to be used. The resulting conductivity model (Fig. 8) 
and gas saturation (Fig. 9) show that the lateral extent and also the shape of the plume is better resolved in this case. 
Similarly, the cost function converges faster and the gas volume estimate has improved, see Fig. 10. 
 
 
 
Fig. 8. Conductivity model (unit is S/m) obtained after 19 iterations of inversion constrained to the plume layers. 
 
 
Fig. 9. Gas saturation corresponding to the conductivity model shown in Fig. 8. 
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Fig. 10. (left) The cost function versus iteration number for the layer-constrained inversion displays very rapid convergence; (right) The gas 
volume estimate indicates that the volume is still slightly overestimated (the gas volume of the true model is indicated by the thin dotted line). 
 
Fig. 11. Conductivity model (unit is S/m) obtained after 19 iterations of inversion constrained to the plume area (as given by the true model). 
2.3. CSEM inversion constrained to plume location 
By further constraining the part of the model inverted for, such that only the region actually containing the plume 
(as obtained from the true model) is updated, even better results were obtained. Fig. 11 and Fig. 12 both show signs 
of the inversion method being able to image the distribution of gas within the plume. The convergence of the 
inversion is in this case almost instantaneous and the estimate of gas volume is very accurate, see Fig. 13. 
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Fig. 12. Gas saturation corresponding to the conductivity model shown in Fig. 11. 
 
Fig. 13. (left) The cost function versus iteration number for the plume-constrained inversion displays nearly instantaneous convergence; (right) 
The gas volume estimate is in this case very accurate (the gas volume of the true model is indicated by the thin dotted line). 
3. CSEM for CO2 quantification at Sleipner 
Following the successful first tests on the Svelvik model, attention was turned to a synthetic model representing 
the CO2 plume at Sleipner. A simple conductivity model was generated based on seismic interpretation of the plume 
layers. As opposed to the Svelvik model, the Sleipner model used was true 3D. The model was 8x6x2.5 km with a 
lateral grid spacing of 200 m and an irregular vertical spacing of 10 m in the subsurface, down to 2 m in the layers 
close to the sea floor, up to 30 m in the sea layers, and up to hundreds of meters in the air layer above the sea. The 
central xz-slice of the true conductivity model is shown in Fig. 14 and the corresponding CO2 saturation in Fig. 15. 
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Fig. 14. True conductivity model. 
 
Fig. 15. CO2 saturation corresponding to the conductivity model shown in Fig. 14. 
The acquisition used throughout all of the following tests consisted of 39x29 electric dipole sources, operating at 
0.25 Hz, oriented along the x-direction with 200 m spacing, and positioned 22 m above the sea floor. Only 5 
receivers, 1 m above the sea floor, were used. These were positioned along the central y-line (at y=3000 m) and 
were assumed to only measure the x-component of the electric field. In all of the following tests, a completely 
homogeneous starting model was used and nothing but spatial constraints were used. Due to the computational costs 
of these simulations, a less thorough optimization of the damping factor, than for the Svelvik studies, was 
conducted. 
3.1. Unconstrained CSEM inversion 
During the first Sleipner tests, CSEM inversion was used without any constraints. Fig. 16 and Fig. 17 show that 
the inversion places the CO2 plume at the right depth and lateral position. However, the obtainable resolution is far 
from sufficient to distinguish the layering of the plume. In addition, the amplitudes of the conductivity and the 
saturation images are far from correct. Observe that, for this reason, Fig. 16 and Fig. 17 have been plotted on 
another color scale than the true models. The cost function decreased smoothly during the 19 iterations simulated, 
while the saturation had still not converged, see Fig. 18. Without constraints, the CO2 volume seems to be 
overestimated by at least a factor 4. 
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Fig. 16. Conductivity model after 19 iterations of unconstrained inversion. 
 
Fig. 17. CO2 saturation corresponding to the conductivity model shown in Fig. 16. 
 
Fig. 18. (left) The cost function versus iteration number for the unconstrained inversion displays a rapid convergence; (right) The CO2 volume 
estimate shows that the volume is overestimated (the CO2 volume of the true model is indicated by the dashed line). 
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Fig. 19. Conductivity model after 9 iterations of inversion constrained to the plume layers. 
 
Fig. 20. CO2 saturation corresponding to the conductivity model shown in Fig. 16. 
3.2. CSEM inversion constrained to plume layers 
As for Svelvik, a second test was carried out assuming prior knowledge about the CO2 distribution. The inversion 
was in this case constrained to the layers known, from the true model, to contain CO2. This type of information is 
assumed to be obtainable from a seismic method like FWI. In this constrained case, the amplitudes of the obtained 
images (Fig. 19 and Fig. 20) reflected better the ones of the true model. In addition, convergence was clearly faster, 
see Fig. 21 (left). However, as opposed to the Svelvik case, the estimate of the total gas volume was only marginally 
improved, see Fig. 21 (right). The CO2 volume was still overestimated by a factor of nearly 4, assuming that the 
effect of further iterations is small. 
3.3. CSEM inversion constrained to plume location 
During the final Sleipner test, the inversion was constrained further, assuming perfect prior knowledge about the 
location and shape of the plume. While this very detailed knowledge cannot be obtained using FWI, the test gives an 
idea of what is the theoretical limitation of the quantification methodology. In addition, recent results from FWI 
applied to real Sleipner data show that today's technology provides sufficient resolution to image the thin CO2 layers 
of the plume [15]. 
For this heavily constrained case, the amplitudes were quite accurately determined, at least for the central part of 
the plume, see Fig. 22 and Fig. 23. Convergence was very rapid and the CO2 volume estimate was significantly 
better than before, see Fig. 24. However, the estimate is not as accurate as for the corresponding test on the Svelvik 
model. It is not yet understood if the discrepancy is caused by limitations of the methodology itself or by other 
factors, like limited acquisition, using a single source frequency, using x-components only, or possibly by 
insufficient optimization of the damping. 
 Peder Eliasson et al. /  Energy Procedia  63 ( 2014 )  4249 – 4263 4261
 
Fig. 21. (left) The cost function versus iteration number for the layer-constrained inversion displays very rapid convergence; (right) The CO2 
volume estimate shows that the volume is still overestimated (the CO2 volume of the true model is indicated by the dashed line). 
 
Fig. 22. Conductivity model after 9 iterations of inversion constrained to the plume area (as given by the true model). 
 
Fig. 23. CO2 saturation corresponding to the conductivity model shown in Fig. 22. 
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Fig. 24. (left) The cost function versus iteration number for the plume-constrained inversion displays nearly instantaneous convergence; (right) 
The CO2 volume estimate is in this case reasonably accurate (the CO2 volume of the true model is indicated by the dashed line). 
A few tests were also carried out in order to see how the results were influenced by noise in the data. This has so far 
only been done for the inversion constrained to the plume location. When assuming a relative data noise level with a 
Gaussian distribution and a standard deviation of 0.5%, results were nearly identical to the ones without noise. 
However, when the standard deviation was increased to 3%, the inversion did not even converge. A more thorough 
study is needed to quantify the sensitivity to noise properly. 
4. Conclusions 
A methodology for quantification of CO2 based on CSEM inversion has been tested. First tests on a small and 
very simple synthetic model of CO2FieldLab showed that good results could be obtained using CSEM alone and that 
very accurate estimates of the gas volume may be obtained when the CSEM inversion is constrained by prior 
structural information, obtained for instance from FWI. 
Further tests on a synthetic model of the Sleipner field showed a larger discrepancy between the estimated and the 
true CO2 volumes. However, when constraining the CSEM inversion to the plume location, results were once again 
reasonably good. Preliminary tests including noise indicated that the method is rather sensitive to the level of noise 
in the data. 
A more thorough study should be conducted to understand whether the slightly poorer performance of the method 
for Sleipner is due to the method itself or due to other factors. Such a study could include the use of realistic 3D 
acquisition, multi-frequency inversion and the use of more electric field components. In addition, understanding 
better how the sensitivity to noise is affected by different acquisitions could be very interesting. 
Future work will also include testing more realistic incorporation of the structural information from FWI, before 
applying 3D CSEM inversion to real Sleipner electromagnetic data with and without constraints from real data FWI 
results. 
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